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REVIEW ARTICLE 
Recent Developments in Cerebral Monitoring m Near-infrared 
Light Spectroscopy. An Overview 
h M. Wil l iams .1, A. J. Mort imer  2 and C. N. McCol lum 1 
Departments of 1Surgery and 2Anaesthetics, University Hospital of South Manchester, Nell Lane, West Didsbury, 
Manchester M20 8LR, U.K. 
A recent development has been the resurgence of interest in the concept of near-infrared light spectroscopy as a method of 
monitoring cerebral perfusion. Although this technique has been in use for 40 years, the principle has been primarily 
employed in peripheral pulse oximetry. Infrared light of wavelengths 600-1300 nanometres (nm) penetrate human tissue 
to a depth of several centimetres. Within the human brain this light is attenuated by the chromophores oxy aemoglobin, 
deoxyhaemoglobin and also oxidised cytochrome a3. Positioning a near-infrared light source and a photodetector in a side 
by side configuration detects light attenuated a d reflected in a p rabolic path through the scalp, skull and br in tissue. 
Introduction 
The concept of near-infrared light spectroscopy has 
been recognised for many years, but it has only 
relatively recently been considered as a realistic 
method of monitoring tissue oxygenation. The exis- 
tence of infrared light was initially described by a 
musician amed Frederick William Herschel in 1880.1 
His observations remained unconfirmed until the 
pioneering work of Ampere, who firmly established 
the existence of infrared light. The concept of near- 
infrared tissue spectroscopy is based on the scientific 
principle that wavelength sensitive changes in the 
intensity of incident light is induced by the medium 
through which the light passes. The technique of 
infrared optical spectroscopy was initially applied to 
analytical chemistry and since then several applica- 
tions have been utilised in medicine. One of the 
earliest established uses was in the form of peripheral 
pulse oximetry. 
*Please address all correspondence to: Mr I.M. Williams, Depart- 
ment of Surgery, University Hospital of South Manchester, Nell 
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Pulse Oximetry 
Nowadays every surgical procedure is performed 
using a pulse oximeter to monitor peripheral tissue 
oxygenation. The principle of pulse oximetry has been 
developed on the basis the arterial system is pulsatile 
and has infrared light attenuating chromophores. By 
using two differing wavelengths of infrared light, the 
attenuating properties can be maximally exploited to 
ensure a reliable and reproducible method of measur- 
ing arterial oxygenation. 
Monitoring tissue oxygenation has been possible 
since as early as 1934 but difficulties were encountered 
with instrument calibration and interpretation of the 
results. The first successful instrument to determine 
peripheral oxygen saturation was conceived by Milli- 
kan and was initially positioned on the earlobe. 2 More 
recentl~ Yoshiya et al. reported the use of infrared 
light transmission tomonitor oxygen saturation of the 
blood in the fingertip which has now evolved into the 
current concept of pulse oximetry. 3 
For peripheral pulse oximetry to be valid, the 
absorption of the incident infrared light by the 
pulsating arterial inflow needs to be distinguished 
from the light absorbed by the relatively static tissue 
planes. In modern pulse oximeters the wavelengths of
infrared light produced are 660nm and 940nm; the 
latter being in the near infrared range and attenuated 
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specifically by the oxyhaemoglobin molecule. The 
infrared light wavelength of 660nm is selected as 
spectral absorption differences between oxyhaemoglo- 
bin and deoxyhaemoglobin aremaximal at this partic- 
ular wavelength. Standard pulse oximetry devices 
monitor changes in oxygen carrying capacity of the 
arterial side of the peripheral circulation. These 
selected wavelengths are generated alternatively and 
at a high frequency such that the photodetector 
determines the output from the individual light 
transmitters. The pulsatile part of the cycle is proc- 
essed and averaged over a specific time period to 
produce a figure indicative of the saturation of oxygen 
in the arterial blood. 
Validation studies have been performed comparing 
induced changes in the circulating arterial oxygen 
measured by standard blood gas machines and have 
confirmed the accuracy of the readings obtained by 
pulse oximetry. Pulse oximetry is extremely accurate 
over the range 70-100% and has an excellent correla- 
tion with arterial haemoglobin oxygen saturation 
(r = 0.98,p < 0.0001). 4 
The Physics of Near-infrared Light 
The propagation of infrared light through biological 
tissue is poorly understood. Although over simplified, 
the Beer Lambert law interprets wavelength specific 
attenuation ofpropagating infrared light assuming the 
scatter of light is minimal. Media such as the scalp and 
the brain are both high scattering but despite this the 
Beer Lambert law remains the optimum approximate 
description of the relationship between variables 
affecting light transmission i these tissues. 
The Beer Lambert law expresses the relationship 
between the intensity of the incident light at a specific 
wavelength, the molar extinction coefficient ( he avid- 
ity the specific light attenuating molecule absorbs 
infrared light), the tissue content of each chromophore 
and the photon path length in the tissue of interest. 
Within the brain substance there are at least three 
chromophores present (oxyhaemoglobin, deoxyhae- 
moglobin and oxidised cytochrome a3), each with 
individual concentrations and molar extinction coeffi- 
cients. The content of haemoglobin within the brain 
tissue is approximately 600mg/100mg tissue which is 
several times the concentration f cytochrome a3. This 
means the haemoglobin chromophore accounts for the 
majority of the absorption events within the cerebral 
substance.S 
Evolution and Development of Near-infrared Light 
Spectroscopy 
Initial studies 
The initial studies assessing the use of particular 
wavelengths of infrared light as a means of monitor- 
ing tissue oxygen saturation commenced in the 1930s 
but it was not until the work of Brinkman and Zylstra 
in 1949 that the concept of reflective spectrophoto- 
metry became areality. 6By applying the Beer Lambert 
law for the travel of infrared light, their studies 
indicated the intensity of the light reflected by blood 
was dependent on the oxygen saturation. Light of a 
wavelength between 600 to 670nm emitted from a 
neon lamp was reflected from the bottom of a 
colorimeter cuvette containing up to 0.5ml of non- 
haemolysed blood to the anterior of a photocell. 
Deflection of a galvanometer indicated the percentage 
oxygen saturation after calibrating the apparatus to 
compensate for any light reflection from the cuvette 
surface. 
Further research was performed by Rodrigo who 
modified Brinkman and Zijlstra's method using a lens 
to focus the light onto the cuvette. 7 This eliminated the 
need for any compensation i producing the final 
oxygen saturation of the sample. This modified 
"haemoreflector" ensured correct determination of 
oxygen saturation throughout the whole range from 0 
to 100% with a standard deviation of only 1% 
provided the thickness of the blood layer in the 
cuvette was less than 3mm. Both these devices used 
infrared light of one wavelength only. 
Dual wavelength light spectroscopy 
The emergence ofdual wavelength reflectance haemo- 
globinometry was initially proposed by Chance. 8 This 
was developed when it was apparent differing wave- 
lengths of near-infrared light were attenuated by 
different molecules. A time sharing dual wavelength 
spectrophotometer to quantify changes in the visible 
and near-infrared regions of highly scattering medi- 
ums such as muscle tissues was devised. Further 
refinements were made to the initial instrumentation 
of Brinkman and Zijlstra by Polyani and Hehir in 1960 
by incorporating light filters in front of each photocell 
receiving the reflected infrared light from the blood 
sample in the cuvette. 9 These filters restricted light 
reaching each photocell to a narrow band selected to 
two narrow wavelengths - -  660nm and 805nm. At 
these specifically chosen wavelengths, the extinction 
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coefficient of oxyhaemoglobin s one-ninth that of 
reduced haemoglobin and any near-infrared light 
absorption differences between the two modalities can 
be fully exploited. This technique showed an excellent 
reproducibility of 0.5% difference for each sample 
remeasured. 
The accuracy and precision of the use of dual 
wavelength reflection spectroscopy was similarly 
favourably reported by Ware et al. ~° The method was 
validated by comparing measurements of the oxygen 
saturation of 282 two millimetre samples of blood 
evaluated simultaneously by the reflection oximeter 
designed by Polyani and Hehir and a Beckman 
spectrophotometer. The standard eviation for these 
readings was 1.39%, indicating reflection oximetry 
was as reliable and reproducible as more established 
techniques in monitoring oxygen saturation of 
haemoglobin. 
A modification to this methodology was performed 
by a group including Michael Polyani who was one of 
the major influences in the inception of the original 
description of the dual wavelength system 4 years 
previously. 11Only 0.2ml of blood were required to be 
placed in the cuvette in the further modified reflective 
oximeter. Fifteen samples of blood were aspirated and 
when compared to readings from a Beckman spec- 
trophotometer, again an excellent correlation was 
observed between the two methods with a standard 
deviation of only 0.6%. 
Development of Near-infrared Light 
Spectroscopy 
The early devices were used as a method of measuring 
haemoglobin oxygen saturation but were invariably 
time consuming and provided only static measure- 
ments of oxygenation. It was not until work by Jobsis 
that interest was regained in the concept of transillu- 
ruination spectroscopy and the basis was laid to 
continuously monitor cerebral metabolism. 12 Studies 
conducted on the brains of anaesthetised cats, the 
hearts of anaesthetised dogs and on the human brain 
successfully demonstrated responses of different 
intracranial chromophores to various wavelengths of
infrared light. Of particular elevance was experi- 
ments demonstrating the development of cerebral 
ischaemia on forced hyperventilation. This was per- 
formed by using the transmission of infrared light of 
wavelength 815nm from the ipsilateral temple with a 
photodetector located on the contralateral temporal 
region. On voluntary hyperventilation, the patients 
experienced dizziness due to hypocapnia causing a 
decrease in the cerebral circulation. This correlated 
with an increase in the number of photon counts 
detected ue to a relative decrease in the absorbency 
of the infrared light as the haemoglobin became more 
deoxygenated. 
Validation studies 
San Wan et al. further demonstrated the ability of 
infrared light to penetrate various human tissues. 13 
The transmission of varying wavelengths of infrared 
light through different parts of the human anatomy 
including temporal bone, chest wall, seventh rib, 
abdominal wall and the scrotal sac of six cadavers was 
compared. The results confirmed infrared light in the 
wavelength band 600 to 840nm was able to penetrate 
the human skull with a scalp thickness of 9-13mm, 
and the thickness of the tissue was one of the major 
factors influencing the passage of infrared light. 
Further studies assessing the place of near infrared 
light spectrophotometry were developed in monitor- 
ing changes in intracerebral oxygenation in gravid 
ewes. ~4 There was no difference in the correlation 
between fetal arterial oxygen saturation and that 
detected by spectroscopy when the fibreoptic light 
source and photodetector were positioned on the scalp 
surface or directly on the dura mater. This confirmed 
neither the scalp or skull contributed significantly to 
changes in near-infrared light absorption. Following 
these preliminary animal studies, others investigated 
the clinical application of near-infrared light spectros- 
copy as a method of monitoring cerebral oxygenation 
in neonates. Transmitters of the near-infrared light 
were positioned over the temple of a neonatal skull 
with a photodetector located on the contralateral 
temporal region. Infrared light transmitted from one 
side of the skull was detected after photons travelled 
the width of the brain tissue. ~5- Brazy carried out 
further evaluations on preterm infants and reliably 
monitored oxyhaemoglobin, deoxyhaemoglobin, cyto- 
chrome a3 and the cerebral blood volume. ~s 
Application of the technique in adults 
Application of this technique to adult skulls however, 
was more problematic. Difficulties included uncertain- 
ties over the large sampling volume and a low signal 
strength recorded by the detector after the long 
photon path travelled. Brazy et al. proposed transmis- 
sion spectroscopy remained valid only if the weight of 
the patient was less than 1500g because with increas- 
ing head circumference, there was widening of the 
tissue path travelled by the infrared light. ~9 
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Others assessed methods of quantifying the haemo- 
globin signals obtained in order to estimate the 
cerebral blood flow and blood volume. Wyatt et al. 
assumed the path length of the light traversing the 
head was equal to the distance between the near- 
infrared light transmitter and the photodetector. 2° 
Evidence this was not the case was previously 
demonstrated by traversing different media with 
infrared lightY Edwards et al. calculated this path- 
length to be 4.3 times the near-infrared light trans- 
mitter to photodetector distance, whilst Cope et al. 
estimated this to be as much as 5 times the distance 
between the light transmitter and photodetector. 22'23 
Two years later the complete study was published 
which estimated this path length for photon travel 
24 across cerebral tissue. Transmission spectroscopy 
studies were performed in six infants who had died 
from the complications of preterm birth. The mean 
distance the photons actually travelled was estimated 
to be as much as 4.39 + 0.28 times the distance 
between the transmitter and the photodetector situ- 
ated on the opposite temple. This factor was based on 
time of flight studies for photons travelling across the 
cranium and cerebral hemispheres. These results 
demonstrated the high scattering potential of photons 
by dense media such as brain tissue when transmis- 
sion spectroscopy was used. Quantisation of attenu- 
ated near-infrared light is normally not possible due to 
uncertainties concerning the optical path length 
through the cerebral tissue. Photons were therefore 
not only transmitted through scattering media, but a 
high degree of reflection of the light was occurring. 
Evidence was provided that significant penetration 
of the scalp, skull and brain was possible with little 
attenuation of light in the near infrared range by 
Eggert and Blazek 25 and Delpy et al. 26 For the near- 
infrared spectrum 600-900nm, a reduction in absorp- 
tion in white matter of the brain was associated with a 
concomitant increase in the reflection of light. These 
findings supported the assumption that photon path 
length was invariant over a narrow band of the near- 
infrared spectrum. 
Reflected near-infrared light spectroscopy 
Cranial time resolved spectroscopy has demonstrated 
the feasibility of collecting diffuse infrared transmis- 
sion spectra ipsilateral to the light source. 27 The light 
source and photodetector placed ipsilateral to each 
other has emerged as the most reproducible method of 
measuring intracerebral oxygen saturation in the 
adult. The use of reflective oximetry has distinct 
advantages over transmission methods of tissue atten- 
uation. Transmission spectroscopy is not localised to a 
specific region of the brain and monitors all the 
propagating medium and its interfaces between the 
light source and the detector. Reflected photons 
however, describe parabolic paths through the tissue 
planes from the source to the detector. As demon- 
strated by Chance, the phenomenon of reflective 
spectroscopy may be exploited to its full potential by 
positioning the light detector in close proximity to the 
source in a side by side configuration. If the distance 
between the light source to the detector was increased 
or decreased, the depth the photons penetrated into 
the brain tissue was deeper or shallower 
respectively. 
Clinical application 
Clinical application of reflective light spectroscopy 
was the culmination of a series of studies. I'12'14'28-35 
Seeds et al. confirmed earlier findings that near- 
infrared light was able to penetrate the scalp and the 
skull without significantly altering the changes in 
oxygenation recorded by the photodetector. 14 An 
additional conclusion was that if the probe transmit- 
ting infrared light and photodetector remained sepa- 
rate items, comparison of intracerebral oxygen satura- 
tion readings between individuals was meaningless. 
This is due to the inability to exactly reproduce the 
positioning on the scalp and the inclination of the 
probe to the scalp surface. Even if an integrated probe 
and detector could be designed there would still be 
interindividual variation due to changes in cranial size 
and shape and positioning. 14
Refinements othe technique were made by Smith et 
al. who constructed a spectrometer consisting of two 
small light sources of infrared light and two photo- 
detectors situated 30mm apart housed within a plastic 
holder. 28 Comparisons of infrared light absorbency 
patterns of an optical probe located over the left 
frontal area of the brain with spectral absorbency 
patterns from a probe situated on the skin overlying 
the quadriceps muscle were compared. A total of five 
patients were examined and measurement of the 
haemoglobin saturation i  both the cerebral substance 
and muscle was made by dual wavelength reflectance 
spectrometers. Each patient underwent insertion of an 
internal cardiac pacemaker and the artificially induced 
systemic hypotension as a result of the cardiac 
arrhythmias was monitored by each spectrometer. The 
haemoglobin desaturation recorded in the probes 
overlying the muscle and the brain was different, 
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indicating the metabolism within the muscle was 
considerably slower than in the cerebal tissue. Also 
falls in intracerebral oxygenation recorded over the 
frontal area of the brain correlated with changes in the 
electroencephalogram indicating decreased perfusion 
and cerebral deoxygenation. 
Tamura, similarly employed a side by side config- 
uration of light transmitter and receiver and demon- 
strated that near-infrared light monitored intracere- 
bral oxygen saturation during cardiopulmonary 
bypass.29However, the most recent developments in 
the use of near-infrared light spectroscopy has been by 
McCormick et al. 1"31-34 McCormick used a sensor 
consisting of a source of pulsed near-infrared light and 
two photodetectors situated 10 and 27mm away 
within an adhesive plastic probe. This light source to 
photodetector separation distance was based purely 
on theoretical principles. Using this particular light 
source to detector separation distance, a relationship 
was established between middle cerebral artery blood 
velocity and intracerebral oxygen saturation. 36 
Optimum light source to detector separation distance 
Validation studies to vindicate this separation distance 
were performed by the selective injection of the 
infrared light attenuating dye indocyanine green into 
the external and internal carotid arteries. McCormick's 
studies were performed on five patients with the near- 
infrared sensor located over the frontal area ipsilateral 
to the side of injection. 35 Detection of attenuated light 
was found to be dependent upon the distance of the 
photodetector f om the light source. The detector 
situated 27mm from the source received attenuated 
light following injection of indocyanine green into 
both internal and external carotid arteries. This indi- 
cated the 27mm detector was monitoring both the 
superficial circulation and the deeper or intracerebral 
circulation. Conversely, after injection of the near- 
infrared light attenuating dye into the external carotid 
artery, the majority of the attenuated infrared light 
was detected by the 10mm detector. This suggested 
the 10mm detector was predominantly monitoring the 
superficial blood flow (external carotid artery) and not 
the intracerebral oxygen saturation (internal carotid 
artery). By subtracting the data of the attenuated near- 
infrared light received by the 10mm detector f om the 
27mm detector, the remaining figure will be indicative 
of the intracerebral oxygenation. Recently concerns 
were raised that the extracranial light was not always 
eliminated from the final equation resulting in unreli- 
able estimates of the intracerebral oxygen satura: 
tion. 37'38 To ensure deeper intracerebral penetration by 
infrared light and less chance of extracranial con- 
tamination the light source to detector separation 
distance was increased to 30 and 40mm. 
The Potential of Near-infrared Light 
Spectroscopy 
The chromophores vital to the continued aerobic 
metabolism of the brain are oxyhaernoglobin, deox- 
yhaemoglobin and cytochrome a3. Each of these 
maximally attenuates near-infrared light at varying 
yet individually specific wavelengths. Deoxyhemoglo- 
bin shows optimum light absorbency and attenuation 
at an infrared light wavelength of approximately 
765nm. The oxyhaemoglobin chromophore shows 
optimum attenuation around 900nm. The isobestic 
point is the position of equal absorbency between the 
attenuation curves of the oxyhaemoglobin a d deox- 
yhaemoglobin molecules. For oxyhaemoglobin and 
deoxyhaemoglobin, the isobestic point occurs at a 
wavelength of 810nm. The other important chromo- 
phore, cytochrome a3 attenuates near-infrared light 
only when in the oxidised state at an infrared light 
wavelength of 840nm. 
Depending on which light attenuating chromphore 
requires to be monitored, different wavelengths of 
near-infrared light can be used. Dual wavelength 
spectroscopy to differentiate changes in oxyhaemoglo- 
bin and deoxyhaemoglobin utilises one wavelength of
near-infrared light at the isobestic point (810nm) and 
the other at a shorter wavelength toachieve maximum 
sensitivity in any change in attenuation. 
The differing near-infrared light attenuating proper- 
ties of oxyhaemoglobin a d deoxyhaemoglobin pro- 
vides the basis for the use of near-infrared light 
spectroscopy as a method of reliably monitoring 
intracerebral oxygen saturation. 
Recent advances 
McCormick et al. provided much of the recent research 
establishing near-infrared light spectroscopy asa valid 
technique. Early experiences with the technique has 
suggested it may be a more sensitive indicator of 
cerebral hypoxia than electroencephalography. 34 
McCormick has also attempted to validate the read- 
ings recorded by near-infrared light spectroscopy with 
the estimated saturation of cerebrovascular oxygen- 
ation. Near-infrared light spectroscopy monitors a 
region of the brain which consists of arterial, capillary 
and venous blood. Under normal conditions, 70-80% 
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of the blood volume in the brain is venous .  39"40 
McCormick demonstrated a disparity between spec- 
troscopically measured intracerebral oxygen satura- 
tion and the estimated oxygenation calculated from 
the substantial venous weighting observed in the 
brain tissue. Contributing to inaccuracies between 
these readings of intracerebral oxygenation are the 
surface boundaries of each of the blood compartments 
which attenuate the infrared light. Other factors are 
that near infrared spectroscopy monitors a regional 
area of the brain whilst the reference measurement 
(representing cerebral venous oxygen saturation) is of 
blood draining from the whole cerebral hemisphere 
and also with a variable contribution from the 
contralateral side. 
A relationship has been observed between intra- 
cerebral oxygen saturation, middle cerebral artery 
blood velocity by transcranial Doppler (TCD) and also 
jugular bulb venous oxygen saturation. 34"41 These 
experiments were conducted uring carotid endarter- 
ectomy when, on application and release of the 
arterial cross clamp, changes in cerebral perfusion and 
hence oxygenation might be expected to occur. Both 
these studies used near infrared sensors with a 10 and 
27mm light source to detector separation distance. 
Kirkpatrick et al. using a different near infrared sensor 
demonstrated reperfusion of the external carotid 
artery made no difference to recorded levels of 
oxygenated haemoglobin during carotid endarter- 
ectomy. 42 Only after declamping the internal carotid 
artery was any increase in oxygenated haemoglobin 
recorded, supporting adequacy of intracranial pene- 
tration by infrared light with little extracranial 
interference. 
Current clinical research 
Clinical studies using the original sensor (10 and 
27mm light source to detector separation distance) 
located over the frontal area expressed concern that 
insufficient extracranially attenuated light was sub- 
tracted to give the final intracerebral oxygen satura- 
tion. 37'38 By repositioning the modified sensor over the 
parietal area, the relationship between changes in 
intracerebral oxygen saturation and middle cerebral 
artery blood velocity changes were improved. 41 This 
suggests the original design and positioning of the 
sensor were the principal reason for the initial obser- 
vations between intracerebral oxygen saturation and 
TCD. Deeper intracerebral penetration by the attenu- 
ated light received by the detectors and relocation of 
the sensor to appropriate areas of the brain sub- 
stantially improves monitoring of intracerebral 
oxygenation. 
Both Doblar et al. and Mason et al. have reported 
significant falls in intracerebral oxygen saturation and 
TCD on carotid artery clamping with associated 
hyperperfusion on restoration of cerebral flow. 43'44 
Germon et al., performed three studies using the same 
modified sensor positioned over the frontal area of the 
scalp. 45 Of the three experiments performed, two 
involved placing a tourniquet around the scalp and 
inflating it to a pressure 50mmHg above the normal 
resting systolic arterial blood pressure. They con- 
cluded the modified sensor was able to detect changes 
in intracerebral oxygenation but were concerned that 
extracranial ischaemia was also being detected. 
One of the prerequisites for optimum cerebral 
monitoring by near-infrared light spectroscopy is 
complete adhesiveness of the sensor to the scalp with 
no pressure or movement applied externally. This 
prerequisite will be violated by exercising the frontalis 
muscle with the near-infrared sensor overlying this 
area. Also, any changes in the thickness of the scalp 
due to venous engorgement (when a tourniquet is 
applied) may increase the volume of light attenuating 
chromophores. Both these factors may be a significant 
factor undermining the reliability of the readings of 
intracerebral oxygenation. 
During carotid endarterectomy, cerebral oxygen 
saturation in the operated cerebral hemisphere has 
been shown to fall significantly on application of the 
carotid cross clamp. 46 This implies compromised 
regional perfusion due to increased extraction of 
oxygen by the cerebral tissue. Despite intracranial 
collateral anastomoses present initial intracerebral 
oxygenation levels in the operated cerebral hemi- 
sphere are unable to be maintained. These falls in 
cerebral oxygen saturation were not associated with 
cerebral hypoperfusion of sufficient severity to cause 
cerebral infarction. At pesent, however, the critical 
level cerebral oxygen saturation as measured by near 
infrared spectroscopy can fall by or to is not yet 
known. For this reason it is important o realise only 
the changes in the measure of cerebral oxygenation 
over time should be considered and related to specific 
events. In carotid endarterectomy, under stable anaes- 
thetic conditions, these events are the clamping and 
declamping procedures and changes in the systemic 
arterial blood pressure. 
The importance of maintaining adequate systemic 
blood pressure throughout carotid surgery is well 
recognised. 47-5° Although technical expertise may be 
offered by the surgeon as the principal factor reducing 
perioperative neurological sequelae, the inevitable 
falls in cerebral oxygenation on internal carotid 
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clamping may be diminished by maintaining blood 
pressure at or above preoperative l vels. Reflected 
near-infrared light spectroscopy is sensitive to subtle 
changes in cerebral perfusion and studies have dem- 
onstrated the importance of maintaining blood pres- 
sure as one of the main anaesthetic prerequisite for 
successful carotid endarterectomy, sl's2 
Recently clinical studies by Kirkpatrick et al. and 
Slavin et al. have monitored cerebral oxygenation by 
near infrared spectroscopy. 42'53 Kirkpatrick et al. mon- 
itored changes in cerebral oxygenation i 13 patients 
undergoing carotid endarterectom)~ where a sig- 
nificant relationship was seen between cerebral oxy- 
genation and middle cerebral artery blood velocity. In 
five patients, hypoperfusion was demonstrated fol- 
lowing clamp removal. The smaller study by Slavin et 
al. successfully monitored cerebral oxygen saturation 
in four separate clinical situations: carotid artery 
occlusion/stenosis, during carotid endarterectom)~ 
arterial vasospasm following clipping of an anterior 
communicting artery aneurysm and after a critical 
brain stem infarction. Falls in cerebral oxygen satura- 
tion were witnessed consistent with each clinical 
situation. 
Future advances 
Near-infrared light spectroscopy as a method of 
monitoring intracerebral oxygen saturation is not 
limited to carotid endarterectomy. Any clinical situa- 
tion which requires knowledge of the adequacy of 
cerebral perfusion will benefit by this technique. 
Probably the most advantageous situation will be on 
intensive care or specialist neurosurgical units. Aus- 
man et al. monitored cerebral oxygenation i  seven 
patients undergoing complex intracranial aneurysm 
repair during hypothermic circulatory arrest. 5 A neg- 
ative correlation was witnessed between the duration 
of the circulatory arrest and the haemoglobin oxygen 
saturation by near infrared spectroscopy. A cerebral 
oxygen saturation below 35% was associated with a 
poor outcome after surgery and Ausman concluded 
this technique may enable the safe lower limit for such 
invasive surgery to be more closely monitored. 
Tamura successfully used near infrared light spec- 
troscopy in 15 patients undergoing cardiovascular 
surgery under cardiopulmonary b pass. 29 He demon- 
strated cerebral oxygenation was maintained when 
the mean perfusion pressure was above 60mmHg. 
Conversel)~ below a perfusion pressure of 50mmHg, a
significant reduction in cerebral oxygenation was 
seen. He concluded the technique provided valuable 
data regarding the monitoring of cerebral metabolism 
in critical patients. 
Application in other areas requiring intensive mon- 
itoring would be to monitor cerebral oxygenation 
following head injur)~ intracerebral haemorrhage or
haematoma formation. Regional cerebral oxygenation 
may be monitored and early intracranial complica- 
tions detected. Specific areas this would have the 
greatest application would be early and clinically 
asymptomatic raised intracranial pressure and arterial 
vasospasm. Also near infrared spectroscopy would 
not interfere with any other cerebral monitoring 
apparatus being used simultaneously. 
Conclusion 
It has been known for many years that near infrared 
light can be used as a method of monitoring tissue 
oxygen saturation. It has only been relatively recently 
the technique has been specifically applied to monitor- 
ing cerebral oxygenation. Early results indicate cere- 
bral oxygenation can be monitored by the several 
near-infrared spectroscopy models now commercially 
available. The majority of the early studies have been 
conducted during carotid endarterectomy. The 
changes in cerebral oxygen saturation observed indi- 
cate cerebral ischaemia invariably occurs on carotid 
clamping, though long term neurological sequelae 
from hypoperfusion is a rare occurrence. One of the 
principal factors related to the maintenance of ade- 
quate cerebral oxygenation is an adequate blood 
pressure. Other clinical areas where near infrared light 
spectroscopy has been used is during cardiopulmon- 
ary bypass, neurosurgical procedures and severe head 
injuries. 
With increasing technology, theoretical problems 
concerning the physics of the travel of near infrared 
light through dense media may be further improved. 
Knowledge of the length of the near infrared pathway 
taken through the monitored region may enable the 
exact depth of penetration by infrared light to be 
known. Future research may enable these changes to 
be more critically evaluated such that designated safe 
changes in cerebral oxygenation can be estimated 
before permanent cerebral ischaemia occurs. In future 
the application of near infrared sensors on the scalps 
of patients in all intensive care units may become as 
routine as the placement of peripheral pulse 
oximeters. 
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